repeatedly under various exposure conditions, so that time-invariant characteristics, such as age and cigarette smoking, are no longer a potential confounder. This is a key advantage in the time-series approach. Recently, sophisticated analytical techniques, e.g. generalized additive models (GAM), have been introduced into the time-series studies for the adjustment of long-term and seasonal trends, weather variables, etc 2) . Nevertheless, some scientists have argued that the results of time-series studies are model dependent. The association between air pollution and adverse health outcomes in the time-series approach is sensitive to the selection of degree freedom (df) or window length in the gam model 3) . Schwartz et al. suggested a potential bias in over-filtering certain patterns of exposure, which should be assessed if cumulative exposure effects are present 4) . In addition, time-series studies lack a full enumeration and characterization of the population at risk.
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The case-crossover design, which was firstly proposed by Maclure to study the transient effect of an intermittent exposure 5) , has been used to study the short-term effects of air pollution [6] [7] [8] . The case-crossover approach is a design in which only cases are sampled, and their exposure at the time of their failure is compared with some estimate of their typical level of exposure. This approach only requires exposure data for cases and can be regarded as a special type of case-control study in which the case serves his/her referent. Therefore, the case-crossover design has the advantage of controlling for potential confounding caused by fixed individual characteristics, such as sex, race, diet and age. The bidirectional case-crossover design proposed by Navidi is able to control for time trends in the data through the use of information on the study subjects both before and after the event 9) . Also, due to the relatively short interval of time between the case and control periods, the casecrossover design could prevent many time-varying confounders.
In the present study, we used the case-crossover technique to evaluate the relationship between air China-We used a case-crossover approach to assess the association between air pollution and daily mortality in Shanghai from June 2000 to December 2001. By design, this method can avoid some common concerns about the time-series approach, which was most frequently used to assess the short-term effects of air pollution. Different control periods (unidirectional and bi-directional control samplings) were used for the analysis. With a bi-directional six control sampling approach, the results from a conditional logistic regression model controlling for weather conditions showed that each 10 µg/m 3 increase over a 48-h moving average of PM 10 , SO 2 and NO 2 corresponds to 1.003 (95%CI 1.001-1.005), 1.016 (95%CI 1.011-1.021), and 1.020 (95%CI 1.012-1.027) relative risk of non-accident mortality, respectively. The association between air pollution and mortality for chronic obstructive pulmonary diseases (COPD) and cardiovascular causes was found to be closer than that for all causes. The results confirmed the deleterious role of the current air pollution level on human health in Shanghai, and provided information on the applicability of case-crossover design in studying the acute health effects of air pollution. Numerous studies have confirmed the association between air pollution and daily mortality outcomes 1) . Most of these studies used contemporary time-series statistical analysis techniques to evaluate the health effects of acute or short-term exposure to air pollution. By design, time-series studies examine the same population pollution and daily mortality from June 2000 to December 2001 in Shanghai, and we also compared the results of the bi-directional control sampling approach with the unidirectional approach. The objective of this study is to estimate the effect of ambient air pollution on mortality, and to explore the applicability of case-crossover design in studying the acute health effects of air pollution.
Materials and Methods

Data
Data from June 1, 2000 to December 31, 2001 were collected. Daily death counts during the period for all non-accidental causes [International Classification of Diseases, Revision 9 (ICD-9) < 800], cardiovascular diseases (ICD-9 390-459), and chronic obstructive pulmonary diseases (COPD) (ICD-9 490-496) in the urban areas of Shanghai, which cover nine Administrative Districts and roughly 289 km 2 , were extracted from the database of Shanghai Center of Disease Control and Prevention. The data on Shanghai death certificates should be considered reliable because all data were reported by physicians, not by the relatives of the deceased. All mortality data and their accuracy were rechecked before entering into the database. Meteorologic data (daily average temperature, relative humidity and dew point), which were measured by one station in central Shanghai, were provided by Shanghai Meteorological Bureau. Air pollution data (daily average PM 10 , SO 2 and NO 2 concentrations) were retrieved from the database of Shanghai Environmental Monitoring Center. The air pollutant concentrations were averaged from the results monitored by six fix-site stations in the urban areas of Shanghai. According to Shanghai Environmental Monitoring Center, the six sites are scattered in different functional areas of Shanghai and their monitoring results could represent the average air pollution level in Shanghai. There were no missing data in the variables described above.
Statistical methods
Data analysis in case-crossover studies can be done by standard case-control methods. As originally formulated, exposures close in time to the event (case period) are contrasted with exposure at a typical time when an event did not occur (control period). In the present study, each death was considered as a stratum, and the death time and other times were defined as the matched case and control period, respectively. The association between mortality risk and air pollution was measured with the odds ratio in conditional logistic regression by means of the STATA statistical package (StataCorp, College Station, Texas). After control for the 48-h mean temperature, the 24-h mean relative humidity and dew point, odds ratios were expressed for each 10 µg/m 3 increase in the air pollutants concentration.
We fitted models with a different combination of pollutants (up to three pollutants per model) to assess the stability of individual effects. A number of control selection methosds have been proposed for the case-crossover design in air pollution studies. A detailed discussion of control sampling strategies for case-crossover studies has been previously published [10] [11] [12] . For our study, we used both unidirectional retrospective control samplings and bi-directional control samplings. In the unidirectional retrospective control samplings, the same weekdays 1, 2 or 3 wk before death were selected as the control periods; but for bi-directional control samplings, the same weekdays 1, 2 or 3 wk before and after death were defined as the control periods. We chose the same weekdays as the control periods in order to avoid the day-of-the-week effect of mortality response. In addition, we also considered the lag effect of air pollutant concentrations on mortality and tested its effect up to a five-day lag in building the models.
Results
Description of daily mortality, air pollutant concentrations, and meteorologic measures
Summary statistics of mortality counts, air pollutant concentrations, and meteorologic measures are shown in Table 1 . A total of 64,862 deaths were included in the analysis. During the period, on average there were 112 deaths per day in the total population in the study area, and approximately 39 persons died from cardiovascular diseases, and 11 persons from COPD. Table 2 shows the correlation for daily values over the entire period among the air pollutants and weather variables. PM 10 , SO 2 and NO 2 had a strong positive correlation with one another and were negatively correlated with temperature, relative humidity and dew point.
Case-crossover regression results
The 48-h moving averages (including the concurrent day in which death occurred) of PM 10 , SO 2 and NO 2 levels resulted in the highest relationship to daily mortality. Therefore, we used the 48-h average air pollutants concentrations for the regression model.
Odds ratios (ORs) varied for different control schemes (Table 3) . Using six reference periods (7, 14 and 21 d before and after the case period), a 10 µg/m 3 increase in the 48-h averages of PM 10 , SO 2 and NO 2 were associated with the total mortality [odds ratio (OR)=1.003 (95%CI 1.001-1.005), 1.016 (95%CI 1.011-1.021), and 1.020 (95%CI 1.012-1.027) respectively] after adjustment for 48-h mean temperature, 24-h mean relative humidity and dew point. A model with four symmetric reference periods 7 and 14 d around the case period produced a similar but weaker result. When only prior reference periods were used in the analysis, a larger effect was seen for each pollutant. We also explored the effects of air pollutants levels on the changes in cause-specific mortality (Table 4) . With six control samplings before and after the case period, the odds ratios for all-causes, cardiovascular disease and COPD mortality were found to be significantly associated with the increase in air pollution levels, among which COPD mortality risk showed the closest association for every air pollutant studied. Table 5 shows the comparison of the single-pollutant model and the multiple pollutants model. The effect of PM 10 on total mortality was not significant after adjustment for SO 2 or NO 2 or both. For SO 2 , its effect on mortality was not affected by adding the other two pollutants. For NO 2 , including PM 10 did not alter its effect; but when SO 2 is added the NO 2 effect becomes statistically insignificant. It is suggested that gas pollutants, especially SO 2 , may be a more important health-based exposure indicator than particulate matter in Shanghai.
Discussion
In an earlier time-series analysis of the same data, we found a significant association between the air pollutants (PM 10 , SO 2 and NO 2 ) level and daily mortality in Shanghai. With the generalized additive model (GAM), an increase of 10 µg/m 3 in PM 10 , SO 2 and NO 2 corresponds to 1.003 (95%CI 1.001-1.005), 1.014 (95%CI 1.008-1.020) and 1.015 (95%CI 1.008-1.022) relative risk of non-accident mortality, respectively. Similar results were also obtained in this case-crossover study, but our study shows that the results of casecrossover studies greatly depend on the selection of control sampling methods. We could see from Table 3 that 4 and 6 controls before and after case periods provide similar results to the time-series study, and unidirectional retrospective control samplings produce an obviously larger effect. Just as Navidi pointed out, the results of unidirectional control sampling could be severely biased when time trends in exposure were strong, especially considering the relatively weak association between air pollution and health outcomes. To solve the problem, he described a bi-directional design for case-crossover analysis of exposure with time trends 9) . Most of the previous studies on the relationship between air pollution and health outcomes have been based on the Poisson regression time-series approach. A case-crossover design offers the ability to control many confounders by design rather than by statistical modeling, thus offering the opportunity to improve causal inference of air pollution effects. Because each subject serves as his or her own control, invariant subject-specific covariables such as gender and age do not act as confounders. Also, by choosing the control period in multiples of 7 d and within a few weeks of death, this approach reduced any potential confounding role of the time trends, seasonality, and weather variables, but a disadvantage of case-crossover approach is that it is less 10 1.022 1.015-1.025 adjusted for NO 2 1.015 1.007-1.025 adjusted for both PM 10 and NO 2 1.018 1.009-1.025 NO 2 1.020 1.012-1.025 adjusted for PM 10 1.028 1.017-1.025 adjusted for SO 2 1.003 0.991-1.025 adjusted for both PM 10 and SO 2 1.012 0.998-1.025 *: Six controls (7, 14, 21 d before and after the case period) were matched; precise than other statistical options such as the timeseries GAM approach. According to one simulation study, the ratio of the mean variance of GAM analyses to that of the case-crossover analyses with two controls was about 66% 13) . This reduction of efficiency is due largely to the loss of information from the control periods that cannot be included in the analysis 14) . The efficiency can be increased by sampling more control periods, but there will often be a trade-off between precision of the estimates and bias that may be introduced 10) . It is not clear that the case-crossover design is necessarily superior or inferior to the time-series approach, but the fact that the two different methods provided relatively similar results suggested that the association between air pollution and mortality was reasonably robust and probably not due to methodologic bias or confounders.
Our study also confirmed the previous findings that the association between air pollution and the mortality risks of cardiovascular diseases and COPD were stronger than all-cause mortality risk. Recently there have been many studies concerned with the potential mechanisms linking air pollution to cardiovascular and respiratory diseases. For example, air pollution has been associated with increased plasma viscosity 15) , changes in the characteristics of the blood 16) , anomaly indicators of autonomic function of the heart including increased heart rate, decreased heart rate variation, and increased cardiac arrhythmias 17) . These findings provide possible pathways in which air pollution affects the cardiovascular system. For COPD, patients with such a disease often have a systemic deficit in their antioxidant defenses 18) , and air pollution could have produced a significant additive oxidative stress 19) as a response to the inflammation of the lungs 18) . An alternative explanation of the COPD susceptibility was that lung deposition of inhaled air pollutants was much higher in patients with obstructive airways diseases than in normal subjects 20) . Our study also showed that the association of air pollution with COPD mortality risk was closer than with cardiac death risk. This observation is consistent with our previous time-series analysis on the same data and those reported by Sunyer J et al in Barcelona 7) . The limitations of our analyses should be noted. As in other ecological studies in this field, we used available environmental monitoring data to represent the population exposure to air pollutants. Measurement error may have substantial implications for interpreting epidemiologic studies on air pollution, particularly for the time-series and case-crossover analyses 21) . It is possible that this type of error may introduce bias to our analysis results. This bias probably underestimated the association 22) , but due to lack of available information on personal exposure, we could not quantify the bias. In addition, validity of the cause of death was limited, since we had access only to the death certificates so that misclassification of death causes is possible.
In reality, people cannot selectively inhale some air pollutants and not others. The results of the air pollutants correlation analysis also suggested that all of the pollutants might be indicators of the same pollutant mixture (see Table 2 ). Therefore, human health effects should be the result of a complex of inhaled pollutants, and it was very difficult to separate the effects of individual pollutants. For the present, the question whether there are independent effects of a single pollutant to account for a health outcome is still not settled. For example, in the United States, particulate matter is regarded as the pollutant that accounts for most excess mortality due to air pollution 23) , but in Europe, several studies indicated a stronger association with sulfur dioxide 25) . Other studies showed that independent effects of individual pollutants can not be identified in light of the complexity and variability of the air pollution mixtures to which people are exposed 24, 25) . Nevertheless, our study suggests that gas pollutants, especially SO 2 , are more closely associated death risk than particulate matter in Shanghai (see Table 5 ). Considering that the present air pollution epidemiologic studies use ambient pollutant concentrations as surrogates of personal exposure, we assumed that health effects attributed to the ambient gases, e.g. SO 2 and NO 2 , may actually be a result of exposures to fine particles 26, 27) . In summary, it seems clear that the current air pollution level in Shanghai was related to an increased daily mortality and that patients with COPD and cardiovascular disease were particularly susceptible. Our findings strengthen the evidence of the short-term effect of air pollution on mortality in China 28, 29) and worldwide 30) . This study also suggests that the case-crossover approach in principle is a useful tool in studying the association between premature death and air pollution, especially considering that the design could be carried out with any statistical software package supporting conditional logistic regression, whereas a generalized additive model could only be implemented in more advanced software, such as S-Plus, SAS etc.
